Object. A number of evaluation methods that are currently used to compare peripheral nerve regeneration with alternative repair methods and to judge the outcome of a new paradigm were hypothesized to lack resolving power. This would too often lead to the conclusion that the outcome of a new paradigm could not be discerned from the outcome of the current gold standard, the autograft. As a consequence, the new paradigm would incorrectly be judged as successful.
N adequate evaluation method is essential to assess properly the regeneration of peripheral nerves after injury. An evaluation method is useful when 1) it clarifies the events occurring in peripheral nerve regeneration, or 2) it is able to distinguish the properties of nerves that regenerated through distinct (experimental) nerve grafts.
Evaluation methods used to assess the outcome of synthetic nerve grafts that are developed to compete with or even outperform the current gold standard (the autograft) are aimed mainly at the second goal mentioned. However, to the best of my knowledge, data regarding the resolving power of the evaluation methods that are now frequently used are absent. This was the motivation to review systematically the evaluation methods used in peripheral nerve regeneration.
This review was limited to articles on grafting of the rat sciatic nerve with synthetic materials to bridge a gap of at least 5 mm. The evaluation methods used were charted and the presence of a statistically significant difference between synthetic nerve grafted nerves and untreated, auto-or isografted, and other synthetic grafted nerves that were described in the same paper were scored. An evaluation method was judged preferable and thus could be recommended for future experiments if it was demonstrated to have resolving power in a convincing majority of papers in which that evaluation method was described.
Search and Selection Methods

Search Strategy
PubMed was systematically searched for English language papers (January 1975-December 2004) by entering 'prostheses and implants,' 'spinal nerves,' and 'rats' as medical subject heading terms and combining them with the text words 'tube,' 'tubes,' 'tubal,' 'tubular,' 'conduit,' 'conduits,' 'biocompatible material,' 'biocompatible materials,' 'nerve guide,' 'nerve guides,' 'bioabsorb*' AND 'tube*,' 'bioabsorb*' AND 'conduit*,' 'bioabsorb*' AND 'nerve' AND 'guide,' 'biodegrad*' AND 'tube,' 'biodegradable nerve guide,' 'biodegrad* conduit* OR (tissue* AND engineer* AND scaffold*),' 'spinal nerves' or 'sciatic nerve,' the combination of text words ('nerves' or 'nerve' AND 'spine' or 'spinal' or 'sciatic'), 'rats,' 'rattus,' the combination of text words 'repair*' AND 'peripheral nerves' or 'peripheral nerve,' 'nerve*' AND 'guide*' AND 'conduit*' AND 'material*,' 'nerve*' AND 'regeneration' AND 'bioabsorb*.' All relevant papers were then retrieved and their reference lists were searched to find other potentially relevant papers.
Selection of Articles
Titles or abstracts were assessed for inclusion. When a title or abstract could not with certainty be rejected, the full text of the paper was obtained. Only studies of sciatic nerve grafting in the rat were considered. The graft had to be composed of synthetic material; papers describing nerve regeneration through veins, arteries, pieces of muscle, or Schwann cell-filled nerve grafts were thus excluded. Likewise, studies in which a systemic treatment was applied in the rat (for example systemic administration of drugs or radiation) were excluded. It was not objectionable if the synthetic nerve graft was filled with a growth factor or a matrix substance. The paper had to describe the results of a control group (that is, a group with untreated sciatic nerves or autografted or epineurial sutured ['isografted'] sciatic nerves), or the results of two or more synthetic nerve grafts, or one type of synthetic nerve graft filled with different growth factors or matrices.
The follow-up review of the rats had to be at least 4 weeks after surgery, and the gap to be bridged by the synthetic nerve graft had to be at least 5 mm. Each experimental and control group had to include at least three rats. The evaluation method had to be described clearly and had to involve more than a mere visual inspection of the result without quantification. The statistical method of analysis had to be described properly. In studies in which the test parameters were assayed at different time points, the outcomes at the latest point available in each study were considered.
Data Analysis
All evaluation methods described in each paper that met the review criteria were collected, and all ways in which the evaluation method was performed were summarized. For each evaluation method considered separately, all papers describing this method were gathered and the actual quantitative data for untreated, autografted, and synthetic nerve grafted nerves were tabulated. Finally, each individual paper was scored based on whether a statistically significant difference was observed between the following groups: untreated and synthetic grafted nerves; auto-or isografted nerves and synthetic grafted nerves; and different types of synthetic grafted nerves. Fisher exact tests were applied to compare the presence or absence of a statistically significant difference, comparing the differences in the untreated with those in the autografted group, the differences in the untreated with those in the synthetic nerve grafted group, differences in the autografted with those in the synthetic nerve grafted group, and differences in the untreated with those in the combined grafted groups. Based on the scores and the outcomes of the Fisher exact tests, the resolving power of each evaluation method was judged. Probability values of less than 0.05 were regarded as significant.
Results and Discussion
The literature search yielded 69 studies that met the criteria. Nerve morphology, electrophysiology, muscle morphology, and functional recovery were described using 17 different parameters (Table 1 ). The number of papers describing the parameter and the number for each evaluation method are indicated. Table 1 summarizes how many times a statistically significant difference or no significant difference between grafted nerves was reported. Table 2 summarizes the findings of statistical significance for the 17 parameters after comparisons of synthetic nerve grafts with untreated, autografted, and other synthetic nerve grafted nerves. a toluidine blue or phenylenediamine solution for light microscopy or with uranyl acetate and aqueous lead citrate for electron microscopy. One-micrometer sections worked very well for studies at the light microscopic level. In the early days, nerve fibers were counted by hand, but now digital images are collected and imported into imaging software for evaluation. In most cases not all nerve fibers were counted, just those in sample areas, after which the total number was computed from the sample area and the total area of the nerve cross-section. In the papers meeting the criteria of this review, nerve fiber counts were performed either in the middle of nerve grafts or distal to them. Sometimes the counted nerve fibers were separated into two groups based on whether their diameter was larger or smaller than 6 m.
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Summary of Outcomes (31 papers). Of the 31 papers, 28 reported on myelinated fibers and three on myelinated and unmyelinated nerve fibers 24, 43, 79 (Table 3) . In 15 papers the number of fibers at the midgraft level was evaluated, 13 evaluated the number distal to the graft, one paper evaluated the number at midgraft and distal to the graft level, and two papers evaluated the number at 2-mm intervals along the grafted part (Table 3) . There was only a limited number of papers in which synthetic nerve graft data were compared with data obtained in untreated rats (five plus three of 31). Because five papers described a significant difference and three described no significant difference, the outcome is not conclusive in terms of whether regenerated nerves demonstrated a different number of fibers compared with untreated nerves. In the papers in which the number of fibers in the synthetic nerve grafts was compared with other grafted nerves, the majority demonstrated a significant difference (Table 3) . The Fisher exact test could not demonstrate differences between the groups, illustrating that the presence or absence of significance is not dependent on the method of nerve repair.
To evaluate whether the site of nerve fiber counting had any influence on this outcome, the results were additionally separated with respect to counting at the midgraft level or distal to the graft (Table 3 ). The results in both groups were comparable, however, meaning that in both groups differences between untreated and grafted nerves were not conclusive and that in both groups grafted nerves demonstrated differences in fiber numbers. By comparing the numbers of nerve fibers, which were grouped according to diameter size, no differences between the various synthetic nerve grafts could be discerned either. 9 Discussion. Counting the number of nerve fibers is considered to be a good tool to make a distinction between different nerve grafts, but it is a complicated tool if used to judge which graft is preferable. That is, the significance of the number of fibers in a regenerated nerve is not known. A lower number of nerve fibers than in an untreated nerve seems not to be favorable, because this indicates that not all fibers from the proximal nerve stump regenerated. 84 However, even if fewer nerve fibers with a large diameter and excellent electrophysiological properties had regenerated, this would be favored over a larger number of small-diameter nerve fibers with poor electrophysiological properties.
An unchanged number of nerve fibers of equal size compared with an untreated nerve can represent the most favorable situation; namely that in a regenerated nerve all fibers from the proximal nerve stump grew out, did not branch, and reached their original target. It is known, however, that in regenerating nerves the fibers branch at the site of the lesion, and that as a consequence the number of nerve fibers distal to the lesion site will increase. 9, 42, 54, 57, 59, 60, 84 Therefore, when the number of nerve fibers is comparable to the number in an untreated nerve, this instead represents a situation in which only a certain number of nerve fibers from the proximal stump regenerated and subsequently branched.
The presence of more nerve fibers in comparison with an untreated nerve is likely to represent the outgrowth of a larger number of nerve fibers from the proximal stump that subsequently branched. Thus, an increase in nerve fibers is only favorable if branching is judged as favorable. Branching is favorable from the point of view that the same neuron can simultaneously reach different target organs, and thereby increase the chance that the original target organ is reinnervated. The accuracy of reinnervation may later be improved by pruning misdirected collateral growths. 32, 38, 82 However, the drawback of branching is that the neuron has to make a lot of effort to produce and maintain all branches. This effort can be better used to mature a limited number of regenerated nerve fibers, for instance by increasing the ion channel density in the membrane.
The evaluation of the number of nerve fibers in peripheral nerve regeneration should actually aim at the regeneration and targeting of individual nerve fibers. Recently, methods have been found to visualize the arborization of individual neurons. 62 It is also possible to label nerve fibers in a retrograde fashion, and by staining the axon back to its origin, the motor or sensory nature of the axon can be identified. Such methods give more insight into the outcome of nerve regeneration than just the counting of nerve fibers.
Nerve Fiber Diameter. Summary of Materials and Methods
Used. The diameter of nerve fibers was frequently calculated as the idealized diameter by dividing the perimeter of the myelin sheath by pi. In more recent papers, investigators have extracted the diameter size from the digitally measured nerve fiber area (usually including the myelin * In the second column in all of the literature review tables, the type of synthetic nerve graft that was evaluated is specified, with the number of different types of nerve grafts given in parentheses. With respect to significance, throughout the literature review tables the entry in the "Untreated" column indicates whether the value for the specified parameter in one of the synthetic nerve graft groups is significantly different from that in untreated nerves; in the "Auto" column the difference between autografted and synthetic nerve grafted nerves is indicated; and in the "Other Tube" column the difference between various synthetic nerve guides is indicated. Abbreviations: Comp = conpared; dist = distal; mid = midgraft; PBS = phosphate-buffered saline; per = peroneal nerve; PHEMA = poly(2-hydroxyethylmethacrylate); tib = tibial nerve.
sheath). The diameter was calculated from the imaginary circle corresponding to the fiber area (2Ϫ(fiber area/)). Fiber diameter frequency distributions could be prepared by distributing the diameters of nerve fibers into a number of classes (for instance 180 classes of 0.1 m each) and plotting them in relation to the percentage of the number of fibers present in that class. When comparing fiber diameters across studies, it is important to consider the method of fixation. Perfusion-fixed nerve fibers tend to be somewhat smaller in diameter (maximum 12.5 m in the rat sciatic nerve and its branches) 66 in comparison with immersionfixed nerve fibers (maximum 15.5 m in the rat sciatic nerve and its branches). 54 Summary of Outcomes (26 papers). Immersion fixation was used in 21 studies, perfusion was used in four, and in one the fixation method was not indicated (Table 4 ). All papers in which synthetic nerve graft data were compared with data in untreated nerves demonstrated a difference. Nerve fiber diameters were always smaller in regenerated compared with untreated nerves. In the papers in which the diameter of nerve fibers in the synthetic nerve grafts was compared with other grafted nerves, the majority did not exhibit a significant difference. The Fisher exact test demonstrated differences between the untreated and synthetic nerve graft group (p = 0.005), the untreated and the autografted group (p = 0.003), and the untreated and the combined autografted and synthetic nerve grafted groups (p = 0.001).
Discussion. The nerve fiber diameters varied from 5.1 to 8.5 m in untreated sciatic nerves, and from 2.8 to 4.2 m in autografted nerves at the midgraft level or distal to the graft. There were two exceptions: den Dunnen et al. 16 reported a diameter of 1.7 m and Whitworth et al. 83 a diameter of 4.5 m. Whitworth and colleagues embedded the nerves in Tissue Tek and also reported larger than usual values for untreated and tube-grafted nerves (8.5 and 4.45 m, respectively). The small diameter reported by den Dunnen may have been due to the repair technique; only two epineurial stitches were placed at each coaptation site.
Four papers reported a significant difference between the diameter in an autografted and a synthetic nerve grafted nerve. 16, 45, 48, 86 den Dunnen et al. 16 reported a smaller diameter in the autografted compared with the synthetic nerve grafted nerve, probably due to the repair technique. The other three papers demonstrated that the diameter in an autografted nerve was larger than in a synthetic nerve grafted nerve. However, Lee et al. 45 and Maeda et al. 48 demonstrated that this only applied to the comparison of the autografted nerve with an empty or fibrin-filled silicone graft.
In five papers a significant difference between synthetic nerve grafts was reported. 33, 39, 48, 79, 85 Again, most of these papers reported that a significant difference could only be demonstrated in comparing an autograft with an empty silicone graft. 39, 48, 79 Xu et al. 85 and Harley et al., 33 however, demonstrated an acceptable variation in diameters and found a significant difference.
In conclusion, the variations in the diameter of regenerated nerves were too small to use the diameter size as a useful tool to compare nerve grafts. Only nine of 23 papers described a significant difference between grafted nerves, and in six of the nine the difference was only found by making the comparison with a nerve graft that was expected to perform poorly. The outcome of the Fisher exact test demonstrated that the diameter is an excellent tool to demonstrate differences in untreated and synthetic nerve grafted rats, but that it is not a good tool to demonstrate differences among grafted nerves.
As may be expected, the diameter size increases over time. This is best documented by Chamberlain et al., 8 who reported a mean fiber diameter for regenerated nerves of 3.2 to 3.8 m at 30 weeks after surgery and a mean diameter of 3.6 to 4.4 m at 60 weeks after surgery. However, the diameter of the nerve fibers also increases on maturation of the rat. den Dunnen and colleagues 14, 16 reported a 6.1-m nerve fiber diameter in an untreated group of rats compared with rats at 10 weeks after surgery and a diameter of 8.5 m in a group of untreated rats that was compared with rats at 2 years after surgery. 15 All of those rats weighed approximately 200 g at the time of surgery and were thus of comparable age.
In 10 papers diameter frequency distributions were reported. 2, 8, 9, 14, 23, 24, 35, 53, 69, 79 Differences between untreated and regenerated nerves were demonstrated, but none of these investigators reported a significant difference between autografted and synthetic nerve grafted nerves or among nerves regenerated through various types of synthetic nerve grafts. It was reported, however, that there was a "shift in the distribution" toward the large-diameter areas when comparing the results of autograft and the best-performing tube after 30 and 60 weeks 8 and comparing the results of two different synthetic nerve grafts. 79 Whether these changes were significant was not clear. Ahmed and Jayakumar 2 reported a bimodal distribution of nerve fiber diameters not only in untreated but also in autografted and tubegrafted nerves 6 months after surgery.
In my group we consider the documentation of diameter frequency distributions to be relevant to demonstrate differences between regenerated nerves. Moreover, from our own experiments we know 77, 78 that fitting the frequency distributions to the sum of two lognormal distributions reveals not only the mean diameter per fiber class but also the number of nerve fibers present in that class. That certainly helps in evaluating the difference between experimental paradigms.
Nerve Fiber Density. Summary of Materials and Methods
Used. The nerve fiber density was calculated as the number of nerve fibers per square millimeter or another square measure. In two of 16 papers, investigators determined not only the nerve fiber density of myelinated but also of unmyelinated nerve fibers. In this review only the studies involving densities of myelinated nerve fiber are discussed.
Summary of Outcomes (16 papers). In five of six papers in which investigators commented on the difference in density between untreated and synthetic nerve grafted nerves it was reported that the density in untreated nerves was significantly lower (Table 5 ). In one paper the authors described that the density in regenerated nerves decreased with time after surgery, in the direction of untreated nerves. 19 Most of the papers comparing densities in grafted nerves demonstrated significant differences. In general, the density in autografted nerves was lower compared with synthetic nerve grafted nerves.
Discussion. In the two papers that demonstrated that the density was higher in autografted nerves, the density of the autograft was compared with an empty silicone tube. 45, 87 Ten of 16 papers reported significant differences between experimental nerves; thus it is possible to detect differences between tube-grafted nerves based on densities. This makes it relevant to determine this parameter in the future. Again, the Fisher exact test did not demonstrate differences between the groups, illustrating that the presence or absence of significance is not dependent on the method of nerve repair.
The G-Ratio. Summary of Materials and Methods Used. The G-ratio was expressed as the ratio of the axon diameter to the myelinated fiber diameter. It was considered to be a useful parameter to assess the maturity of nerve fibers.
Summary of Outcomes (10 papers). In three of five papers in which the investigators commented on the difference in G-ratio between untreated and synthetic nerve grafted nerves, significant differences were reported. In two of these a smaller G-ratio was demonstrated in untreated nerves (Table 6 ). For grafted nerves, in the majority of papers no differences were described between groups.
Discussion. The finding that the G-ratio in untreated nerves was smaller compared with regenerated nerve fibers would indicate that regenerated nerves had a relatively thinner myelin sheath. den Dunnen et al. 15 demonstrated that G-ratios obtained 2 years after surgery were equal to values in untreated nerves, and this would imply that on maturation the relation between axon and myelin sheath would decrease.
The survey of data demonstrated, however, that the literature was not conclusive with respect to whether the G-ratio is larger in untreated or in regenerated nerves (Table 6). Considering that even this is difficult to assess, the parameter is not useful in making a distinction between regenerated nerves. It is therefore recommended that investigators not include the G-ratio in future experiments.
The N-Ratio. Summary of Materials and Methods Used. The N-ratio was calculated as the total myelinated fiber area divided by the total tissue cable area. The N-ratio represented the total mass of the regenerating nerve in the tube, and was a parameter indicative of both the number of sprouting events and the degree of maturation of the regenerating nerve. 39 A low N-ratio was indicative of a relatively large amount of fibrous tissue. 16 Summary of Outcomes (nine papers). In all papers in which the difference in N-ratio between untreated and synthetic nerve grafted nerves was commented on, investigators reported that the N-ratio in untreated nerves was significantly higher. However, the N-ratio increased with time after surgery.
14 The majority of papers in which the N-ratio was compared in grafted nerves reported a significant difference (Table 7) . Again, the Fisher exact test did not demonstrate differences between the groups, illustrating that the presence or absence of significance is not dependent on the method of nerve repair.
Discussion. Two papers demonstrated that the N-ratio in autografted nerves was higher compared with tube-grafted nerves, and one paper reported a lower value in autografted nerves. 16 However, the repair technique used in that single article (two epineurial stitches at each coaptation site) was poorly performed, as stated before. There were significant differences between regenerated nerves in six of eight papers, so the N-ratio can be considered a promising parameter to evaluate in the future.
Nerve Histological Success Ratio. Summary of Materials and Methods Used. The success ratio is a simple method with which to evaluate the success of nerve regeneration. The presence of myelinated nerve fibers distal to the graft was evaluated and scored as a "yes" or "no."
Summary of Outcomes (10 papers). The success ratio was used in only three papers as a tool to differentiate statistically between nerve grafts (Table 8) .
Discussion. Unfortunately, the authors of these papers rarely performed statistical analysis on their success rate data to evaluate differences between grafted nerves. However, the data show enough variation to make a statistically relevant difference between grafted nerves likely. Scoring the nerve histological success ratio would therefore certainly be recommended.
Retrograde Labeling. Summary of Materials and Methods
Used. Tracers (DiI, fast blue, Fluorogold, True Blue, and HRP) were applied to the nerves by adding tiny crystals of tracer to the transected nerves 76 or by injecting them distal to the implantation site in the nerve 24, 35 or in the muscles. 67 Different tracers could be added to different nerves to determine the distribution and regeneration capacity of neurons projecting to various targets, like the gastrocnemius, tibial, or plantar muscles. 76 Care had to be taken during dissection and tracer application to avoid bleeding and blood diffusion of the fluorescent dye. Animals were allowed to survive for 2 to 8 days to allow accumulation of tracers in the somata of the spinal motor neurons and/or DRGs. Subsequently, fixation by perfusion was performed and parts of the lumbar segment of the spinal cord and the DRGs were removed. The lumbar spinal cord was cut longitudinally in 25-to 50-mthick sections, and the DRGs in 14-to 40-m-thick sections, and labeled neurons were counted. Single, double, or even triple labeling allowed comparisons of different experimental paradigms.
Summary of Outcomes (five papers). In four papers the presence of tracer was evaluated in both motor neurons and DRG neurons of the lumbar spinal column, and in one paper only the motor neurons in this area were evaluated for tracer presence 76 (Table 9) . Quantitatively, the number of motor neurons could be compared among experimental paradigms. Generally, after injury and regeneration the number of motor neurons decreased and the number of DRG neurons either decreased or increased ( Table 2) .
Discussion. The data gathered on retrograde labeling demonstrated almost no significant differences between untreated, autografted, and tube-grafted nerves. It was obvious, however, that the data were very illustrative of the growth patterns of nerve fibers that existed during regeneration. It would therefore be strongly recommended that the evaluation of retrograde tracing be included in future experiments.
Electrophysiological Findings
Compound Muscle Action Potential. Summary of Materials and Methods Used. The evoked CMAP was measured after electrical stimulation, which was performed by placing * The G-ratio is calculated as the axon diameter divided by the outer myelin sheath diameter. † Only significant compared with the silicone tube (empty or filled with PBS). bipolar hooked platinum stimulating electrodes proximal to the nerve graft or by placing skin electrodes and stimulating the sciatic nerve percutaneously. To measure the CMAP, mono-or bipolar intramuscular electrodes were placed in the belly of each muscle. Frequently used targets were the gastrocnemius, tibial, or plantar muscles. Temperature influences the conduction velocity of the electrical signal over the nerve (it doubles at each increase of 10°C), 58 and it was therefore relevant to be informed about it.
TABLE 7
Literature review of N-ratio in sciatic nerve grafts in rats*
Some authors measured the latency of the signal, some the amplitude of the signal. The latency was often expressed as the ratio of the latency at the experimental side to the latency at the contralateral, untreated side. The amplitude was often expressed as the amplitude at the experimental side divided by the amplitude at the contralateral, untreated side (or the preoperative value) multiplied by 100%. The amplitude of either the Hoffman reflex (known as the H-reflex wave) or the M-wave was measured. The amplitude of the Hoffman reflex provides a measure of the motor neuron excitation achieved by a controlled amount of Class Ia afferent activation and is therefore dependent on both motor neuron excitability and presynaptic inhibition of Class Ia afferents. When the plantar flexor muscles are activated isometrically, the Hoffman reflex of the soleus muscle has been shown to increase with increased neural activation in some studies, whereas others have shown unchanged or slightly lower Hoffman reflexes in an active compared with a passive muscle. 57 Summary of Outcomes (14 papers on latency, nine on amplitude). Almost all papers (all but one) in which investigators commented on the difference in CMAP between untreated animals and rats with synthetic nerve grafts reported that the latency of the CMAP in untreated rats was shorter and/or the amplitude of the CMAP was higher. In most of the papers in which the CMAP was compared in rats with grafted nerves, a significant difference was demonstrated (Table 10) . The Fisher exact test demonstrated differences in the CMAP latency between the untreated and synthetic nerve graft groups (p = 0.041), and the untreated and the combination of the autografted and synthetic nerve grafted groups (p = 0.048). In the comparison of the latency and amplitude results, the Fisher exact test demonstrated differences between the untreated and the combination of the autografted and synthetic nerve grafted groups (p = 0.034).
Discussion. The uniformity of the observations concerning latency and amplitude qualifies the CMAP as a parameter that is easy to interpret. Because the majority of papers also conveyed a significant difference between regenerated nerves, scoring the CMAP in future experiments would certainly be recommended. The results did not demonstrate that there was a preference toward determining the CMAP latency or the CMAP amplitude, or toward comparing a ratio or the actual determined value in milliseconds or millivolts.
Mean Conduction Velocity. Summary of Materials and Methods Used.
To measure the MCV, the nerve had to be electrically stimulated at some point and the electrical activity had to be measured at a distinct point. Bipolar hooked platinum stimulating and recording electrodes were regularly used for this purpose and were placed before and after the area of interest (the nerve graft). The MCV was calculated as the ratio of the conducting distance and the latency time to the peak of the maximal action current.
The MCV is strongly dependent on temperature, 58 and it is therefore relevant to be informed about this value. In the in vivo experiments, a heating lamp was often used to keep the body temperature at approximately 37°C.
Summary of Outcomes (11 papers). In the papers that compared synthetic nerve graft data with data in untreated nerves, the outcome was not conclusive in terms of whether regenerated nerves demonstrated a different MCV compared with untreated nerves (Table 11) . If there was a difference, the MCV in regenerated nerves was always lower. In the papers in which the MCV in the synthetic nerve grafts was compared with that in other grafted nerves, a significant difference was demonstrated only in a limited number of cases. * The success rate is expressed as the ratio of rats with "yes" scores to the total number of rats in which this particular nerve guide was implanted.
Discussion. The MCV is mainly dictated by the diameter of the conducting nerve fibers 37 and the internodal distance. 10 In the histology part of this report it has already been demonstrated that the diameter of nerve fibers was smaller in regenerated nerves, but that there were hardly any differences between the diameters of autografted and synthetic nerve grafted nerves. This same pattern was observed here. However, the comparison of the diameter in untreated and synthetic nerve grafted nerves always demonstrated a significant difference, and the Fisher exact test therefore demonstrated differences between the groups. In comparing the MCV between untreated and synthetic nerve grafted nerves, a significant difference was not always reported.
In three papers a significant difference between synthetic nerve grafts was reported. In two of these this difference was only reported because they included an empty silicone graft, which is well known for poor performance. In the other paper, six synthetic nerve grafts were compared and only one of them exhibited a significant difference from the others.
The literature describes conduction velocities ranging from 30 to 120 m/second in A fibers (larger than 6 m), 1,70 The conduction velocity is determined by the fastest fibers present, that is, the A fibers. The conduction velocities presented in this summary are consistent with these data.
It is possible that the diameter of regenerating nerve fibers increases over time and that the MCV will likewise increase. Moreover, in regenerated nerves the internodal distance is shorter, and this distance may increase over time, which would increase conduction velocity. Most authors evaluated the rats 3 to 4 months after surgery. Chamberlain et al. 8, 9 waited 14 months, and they are one of the two groups of authors who reported a significant difference in MCV between regenerated nerves.
In future experiments it will be relevant to measure MCV only when long survival times are included, because of the expected increase in diameter and internodal distance over time. Furthermore, when the MCV is measured, it is recommended that the temperature in untreated rats be thoroughly monitored during the experiments, because the MCVs demonstrated a tendency to vary less in experiments performed at a controlled 37°C.
Electromyography. Summary of Materials and Methods
Used. Two authors reported on an EMG evaluation that cannot be qualified as a CMAP.
9,51 Meek et al. implanted EMG electrodes in the midbelly of the gastrocnemius and tibial muscles of both hindlegs of rats (one experimental, one untreated). The animals were allowed to walk freely and the recording electrodes were connected to an amplifier system. Representative EMG data were collected from each rat during 10 step cycles and rated on the occurrence of abnormalities such as slow increase of burst amplitudes, irregularity of burst activity, and abnormal EMG activity during specific phases of the step cycle.
Summary of Outcomes (two papers). In the results, a description was given of the EMG data in the untreated, autografted, and tube-grafted rats. Sometimes ratings were mentioned and it was concluded that there were no statistical differences between the rats with autografts and those with tube grafts. There was no comment on the statistical difference between untreated and tube-grafted rats, but it was stated that the EMG patterns in the gastrocnemius and tibialis anterior muscles in the grafted rats were highly abnormal.
Chamberlain et al. 9 stimulated the sciatic nerve proximal to the lesion site with bipolar stimulating electrodes and with single stimuli. The animals were monitored for the appearance of gastrocnemius muscle twitch and toe flexion. In all but the empty silicone tube-grafted rats, the gastrocnemius muscle and the plantar muscles of the foot responded with visible movement to electrical stimulation of the sciatic nerve. The qualitative intensity of the muscular response in rats with regenerated nerves did not differ significantly from the response observed in the untreated rats, and the stimulation parameters for reading twitch threshold did not differ between untreated and regenerated nerves.
Discussion. The method of Meek et al. 51 is difficult to reproduce. Moreover, no statistical differences between the groups were observed. Likewise, no statistical differences between the groups were observed by Chamberlain et al. 9 Neither of the two methods is recommended for future studies.
Somatosensory Evoked Potentials. Summary of Materials and Methods Used, Outcomes (one paper).
One author recorded in vivo SEPs. 27 Electrical stimulation was directly applied to the sciatic nerve distal to the graft by using a needle electrode. The SEPs were recorded epidurally by using screw electrodes placed on the left cerebral sensorimotor cortex. The SEPs were evaluated based on the peak-topeak amplitude and latency. Three different synthetic nerve grafts were tested. One of the tubes did not demonstrate an SEP after 6 months, whereas the other two grafts demonstrated a significant difference compared with each other in terms of both latency and amplitude. However, this difference disappeared at the end of the 12-month evaluation period.
Discussion. If the evaluation period is not too long, the results may provide additional information about choosing between synthetic nerve grafts. To gather information about the regeneration of the sensory nerve fibers, this method is preferred over the pinching tests mentioned in the following sections. However, the performance of an SEP test is rather complex, which will surely mean that it will not be performed on a large scale.
Muscle Morphology Muscle Weight. Summary of Materials and Methods Used.
The weight of muscles distal to a regenerated sciatic nerve was claimed to be proportional to the degree of sciatic nerve innervation, and thus was promoted as a parameter for functional recovery. 87 Mostly, the gastrocnemius muscle was considered. It was possible to weigh the wet muscle from the experimental group and compare it with wet muscle obtained in untreated rats. Usually, however, the relative muscle weight was determined, and it was defined as the ratio of the muscle weight from the experimental side to that of the untreated side, or as a ratio to the rats' body weight.
Summary of Outcomes (11 papers). In all papers in which investigators commented on the difference in muscle weight between untreated and synthetic nerve grafted nerves, a significantly higher weight was reported in un- * After retrograde labeling of nerve fibers, several parameters can be observed: the number of motor neurons, the number of DRG neurons, the percentage of multiply labeled neurons, and the routing of the nerve fibers. The results of these four parameters were scored and are summarized in this table. Abbreviations: GDNF = glial cell line-derived neurotrophic factor; GM = gastrocnemius muscle; NGF = nerve growth factor; PLM = peroneus longus muscle; PM = plantar muscle; TM = anterior tibial muscle. † The lumbar site from which the sections were taken is indicated and the section thickness is given in parentheses. In one article the number of labeled DRG is indicated as a percentage of the total number of cells present in that section.
TABLE 10
Literature review of CMAP in sciatic nerve grafts in rats* treated rats (Table 12 ). In half of the papers in which muscle weight was compared in grafted nerves a significant difference was reported, and in half of the papers it was not.
The Fisher exact test only demonstrated differences between the untreated and autografted groups (p = 0.024). Discussion. The uniformity of the observations on muscle weight qualifies it as a parameter that is easy to interpret. However, the muscle weight differed between grafted nerves in only half of the cases, which makes it doubtful that this parameter is useful as an evaluation tool. On the other hand, the test is easy to perform and it is informative about the expected function of the muscle distal to the grafted nerve.
Muscle Circumference. Summary of Materials and Methods Used, Outcomes (one paper). One group of investigators evaluated muscle mass by using a circumferential measurement technique. 9 The circumference of both the untreated muscle and the muscle distal to the grafted nerve was measured at distances 20 and 30 mm proximal to the heel. All animals that exhibited a tissue bridge through the synthetic nerve guide had muscle circumferences that were not significantly different from those of untreated animals. If the synthetic nerve graft tube was empty, however, the muscle circumference was significantly smaller.
Discussion. The presence of a tissue cable through the synthetic nerve graft correlated very well with the presence of a significant difference in muscle circumference. Because it is much easier to check whether a tissue cable traversed the graft than to measure the muscle circumference, this evaluation method is not recommended. However, this conclusion is drawn based on just one paper.
Functional Tests
Automutilation. Summary of Materials and Methods Used, Outcomes (two papers). Automutilation was only quantified in two papers. 13, 50 den Dunnen and Meek defined automutilation as the presence of exposed bone or loss of a part of the foot or toes. There was 22% automutilation in autografted animals, and the rate was 15% in rats receiving synthetic nerve grafts; this difference was not significant. Meek et al. 50 scored automutilation as moderate if there were superficial wounds restricted to the nails or the cutaneous part, and as severe if there was exposed bone or loss of a part of the foot or toes. In the tube-grafted group, 75% demonstrated no automutilation and 25% had severe automutilation. A statistical analysis was not performed.
Discussion. It is not to be expected that subtle differences between synthetic nerve grafted nerves will be detected by this evaluation method. It is therefore not recommended that it be performed in the future.
Muscle Tetanic Force. Summary of Materials and Methods
Used. To measure muscle tetanic force, the long trajectory from sciatic nerve to the innervated muscle and the tendon up toward its origin had to be exposed. The tendon was cut and fixed with a ligature. The joints were transfixed and the tendon ligature was connected to a force transducer. The nerve was supramaximally stimulated proximal to the regenerated segment with platinum stimulating wire electrodes. The transducer signal was led through an amplifier and the muscle tetanic force was determined. Summary of Outcomes (seven papers). In the one paper in which investigators commented on the difference in muscle tetanic force between untreated and synthetic nerve grafted nerves, they reported that the force in untreated muscles was significantly higher (Table 13 ). In two papers the muscle tetanic force was compared in autografted and tube-grafted nerves. In the paper that demonstrated a significant difference, this difference was obtained by comparing the best performing graft with a very poorly performing graft. In five papers different synthetic nerve grafts were compared, and only one of these reported a significant difference. This difference was obtained by comparing the graft to an empty silicone tube.
Discussion. It was expected that there would be differences between untreated and experimental muscle tetanic forces. Nevertheless, this was actually demonstrated only once. This evaluation method does give insight into the functional recovery of the target organ after grafting with the innervating nerve. Therefore, it might still be an interesting evaluation method to perform. The decrease in tetanic force is less than the decrease in the muscle crosssectional area, because the cross-sectional area is closely related to the daily contractions of the muscle. 18 Tetanic force may therefore be a parameter that expresses the function of the muscle better than the cross-sectional area or the muscle weight. Although the experimental setup is rather elaborate, it is still recommended that this evaluation method be performed in the future.
Walking Track Analysis. Summary of Materials and Methods Used.
Walking track analysis is a fairly common method to evaluate functional peripheral nerve regeneration. The characteristics of the hindpaw prints are measured and an overall value is represented as the SFI. The prints of the hindpaw(s) are evaluated for print length, toe spread (the distance from the first to the fifth toe), and intermediate toe spread (the distance from the second to the fourth toe). The print length is dependent on gastrocnemius muscle activation, and toe spread and intermediate toe spread are mainly influenced by paw extensor and paw intrinsic muscle contraction during the stance phase of walking. Sciatic nerve injury causes an increase in print length and a decrease in toe spread and intermediate toe spread. With these parameters the SFI is calculated using a formula developed by de Medinaceli et al. 12 and modified by Bain et al. 5 The SFI is 0 for noninjured animals and Ϫ100 after complete transection of the sciatic nerve.
Several methods are used to visualize the print of the hindpaw: 1) the hindpaw can be painted with a dye and the rat walks in a box over white paper (used in eight studies); 2) the hindpaw can be painted with film developer and the rat walks in the dark over photosensitive paper (used in six studies); or 3) the hindpaw can be wet and the rat walks in a box over pH-sensitive or water-sensitive bromphenol blue-impregnated paper (used in three studies).
Recently a much more refined method has been developed to evaluate functional recovery; this is accomplished by studying the walking pattern of the rat with a video assessment performed while the animal ambulates over a runway. The lateral and ventral views of the animal are visualized and the walking movements of the rat are recorded with a video camera. Two different methods were described, as follows. Meek et al. 51 reported that the videotape was then replayed frame-by-frame and that several aspects of the walking pattern of the rats were scored: toe spread during stance phase, foot placement, the occurrence of hindpaw dragging, exorotation of the foot, the swing phase, and the regularity and fluency of walking. Normality was scored by "yes" and abnormality by "no." The positively scored parameters per rat were summarized and the percentages per group were calculated. de Ruiter et al. 17 marked three points on the rat hindpaw, studied the movement of those points, and subsequently related the three to each other. Gamez et al. 27 studied dorsiflexion and locomotor function of the treated limb. The rats were observed and the locomotor function and dorsiflexion were described but not quantitatively presented.
Summary of Outcomes (17 papers). In the limited number of papers in which SFI data in synthetic grafted nerves were compared with data obtained in untreated nerves, the majority demonstrated a significant difference (Table 2 ). Of the papers in which the SFI in the rats receiving synthetic nerve grafts was compared with the SFI in rats with other nerve grafts, the majority were unable to demonstrate a significant difference.
In one of the papers in which a significant difference was reported, a paired t-test was used. 34 Because the outcome in the two groups is not related in pairs, such analysis is not allowed and the outcome is thus scored as "no comment" instead of "yes" (Table 14) . Another paper in which a significant difference was reported did not clearly mention whether the SFI at the end of the evaluation period was significantly different (which would make the outcome relevant) or whether the mean of SFIs at all time points was significantly different (which would make the outcome ir- * The SFI was used in all papers. The contralateral paw was untreated in all cases. In the "dye" column the dye that was put on the paws is indicated and in the "material" column the material over which the rats were made to walk is listed. Some authors use 100 as an untreated value and 0 as the lowest value possible. Others use 0 as an untreated value and Ϫ100 as the lowest value possible. Because the original method of de Medinaceli et al. used values between Ϫ100 and 0, for this paper these values were considered to be correct, and the incorrect values used in other articles have been transformed if necessary. However, for simplicity all minus signs have been left out.
† Score should be "no comment"; the paired t-test was used, but this is not allowed because the results cannot be paired. ‡ Only significant compared with a very poorly performing paradigm.
TABLE 15
Literature review of sensory tests in sciatic nerve grafts in rats* The comparison of the SFI in untreated and synthetic nerve grafted nerves demonstrated a significant difference in the majority of cases. The opposite was observed in the comparison of the grafted nerves. However, the Fisher exact test demonstrated no differences between the groups. This illustrates that even the seemingly discerning capacity of the SFI with regard to untreated and grafted nerves was not statistically relevant.
Based on the current information, it is not recommended that the SFI be used as an evaluation method in the future. The occurrence of contractures in the hindpaw of rats with a sciatic nerve graft is likely to interfere with the outcome of the SFI and diminishes the resolving power of the evaluation method. However, if the problem of the contraction of the hindpaw can be overcome, evaluation of the walking pattern of the rat can be one of the most important evaluation methods, because it represents a functional outcome. Therefore, the methods used by de Ruiter et al. 17 and by Meek et al., 51 which take the full motion of the rat hind leg into consideration, are promising.
Sensory Tests. Summary of Materials and Methods Used.
Three methods were described to evaluate sensory recovery after grafting of peripheral nerves. The first method described was to stimulate (at 1 mA) three different points along the lateral side of the foot. Reflexes were found to be positive when the paw was withdrawn and/or the toes were spread. When a positive reflex was found, the current was further decreased by increments of 0.1 mA, and this was repeated to find the threshold. The second method described was to pinch the nerve distal or proximal to the nerve graft with a pair of forceps. Contraction of muscles on the back or retraction of the leg indicated the presence of regenerating sensory fibers in the pinched segment, whereas no response was taken as an indication of the absence of such fibers. The third method involved pinching the footpad and detecting a withdrawal response.
Summary of Outcomes (10 papers). Statistical calculations were rarely performed on the sensory test data (Table 15) .
Discussion. The scarce available data on statistics for sensory tests were not promising enough to expect that subtle differences between synthetic nerve grafted nerves could be revealed by using this evaluation method. The test can indicate, however, whether nerve fibers did regenerate through the graft. It is a rather straightforward test, and the method introduced by the Groningen group to quantify the results is appealing. Nevertheless, these papers also lacked an extended description of statistical comparisons.
Conclusions
Nerve fiber diameter distribution and retrograde labeling are two methods that can contribute to insight into processes playing a role in nerve regeneration. Methods that have been demonstrated to have resolving power are nerve fiber count, nerve fiber density, N-ratio, and nerve histological success ratio. Electrophysiological evaluation, particularly the CMAP of the regenerated nerve, is also considered to be a discriminative tool. Determining the MCV is not valuable, certainly not for short-term experiments. Studying muscle morphology may be useful; muscle weight and muscle cross-sectional area (not discussed) are useful tools in discriminating between grafted nerves.
Among the functional tests, the SFI is outdated, and automutilation and sensory tests do not seem discriminative enough. Muscle tetanic force may be discriminative. The new walking track indices are very promising because they are discriminative and informative.
The evaluation methods described each can be used to assess only a part of the outcome of the regenerative process. An appropriate combination of evaluation methods is therefore preferred to evaluate nerve regeneration properly.
